To study the car radiated noise caused by turbulent pressure fluctuation on the side glass under wind excitation, a clay model of DrivAer was constructed except that the front left side window was built with real glass. Firstly, the constraint boundary condition of the side glass was set equivalent to a series of springs for the modelling with Finite Element Method (FEM). en, a platform based on Matlab-Abaqus cosimulation was originally developed, and the genetic algorithm was applied to find out the best fitted spring stiffness, which was used to build the equivalent model. en working as excitation, the Corcos model was applied to calculate the power spectrum density of the turbulence pressure fluctuations acting on the side glass. Subsequently, the finite element modal superposition method was used to solve the vibroacoustic coupling equation to get the noise level of the driver's ear position in the vehicle interior. Finally, the surface vibration velocity distribution of side glass under wind excitation was measured with Laser Vibrometer and then with Boundary Element Method (BEM), the radiated noise into interior was calculated as well (semisimulation). rough comparison of these two results, it shows good agreement up to 1000 Hz. It demonstrates that the above method is applicable to calculate the sound radiation caused by the side glass' vibration at the low and middle frequency range. erefore, an approach of calculating sound radiation of a vibrating glass caused by the air convective pressure fluctuation was explored.
Introduction
Besides leakage noise, the turbulence induced noise and pressure fluctuation transmitted into vehicle interior through the front side window glass is a major contributor to noise level at the driver's ear position by the external wind excitation at high speed [1] . e pressure fluctuation on the side glass surface mainly comprises two parts: convective pressure fluctuation and acoustic pressure fluctuation. Normally, the energy of convective pressure fluctuation is mainly concentrated at the low frequency range, which can excite the side glass to vibrate and hence radiate noise into vehicle interior. However, the energy of turbulence-induced acoustic pressure fluctuation is mainly concentrated at the high frequency range and can be transmitted into vehicle interior with certain transmission loss through the glass.
ese two kinds of noises have different generation and transmission mechanisms. Study separately on their generation and transmission processes is helpful for the vehicle interior aerodynamic noise controlling and therefore for the improving of ride comfort. ere are several ways to calculate vehicle interior aerodynamic noise under wind excitation, such as FEM, BEM, and Statistical Energy Analysis (SEA). At the low frequency range, the structure vibration modes are deterministic, so FEM is an effective tool for the simulation with accuracy. As analysis frequency goes up, BEM can be more suitable for the simulation. While at the high frequency range, mode density becomes higher, and the SEA method should be applied. is study mainly focuses on the convective pressure fluctuation induced vehicle interior noise; hence, FEM and BEM are applied for the calculation work.
e DrivAer model was employed in this study, which was developed by Technical University of Munich and car manufacturers Audi and BMW in Germany in recent years.
e exterior styling of DrivAer model was derived by interpolation from production series of Audi A4 and BMW3 with the typical characteristics of a real vehicle, but without front-end air intake system. e DrivAer model offers three different kinds of back styling: estate back, notch back, and fast back. In this study, a full-scale clay model was built according to the DrivAer model with notch back, as shown in Figure 1 . Since the focus of the study is the relationship of the vehicle exterior flow and interior noise through transmission of the side glass without consideration of vehicle sealing system, a real glass with 4 mm thickness was adopted and fixed with glue in the front left window frame, while the rest parts of the model were covered with thick clay, so that they can be considered as rigid parts without vibration but with great sound transmission loss. In this way, possibility of transmission for the exterior noise and vibration through other parts into vehicle interior can be excluded. Hence, sound transmission study can be concentrated purely on the front side glass. In the vehicle interior, an isolated cabin of the driver's space was constructed with rigid walls, so that a microphone can be assumed to set near the driver's ear position to apperceive the noise.
About vehicle aerodynamic noise concerning side window glass, some researchers have already done some work in recent years. In 2015, Hartmann et al. [2] studied the separation of convective and acoustic pressure fluctuations using wavenumber-frequency spectrum as a filter on the side glass of a simplified SAE model. In the same year, Schell and Cotoni [3] calculated the interior noise using CFD and vibroacoustic methods. An accurate excitation field was calculated with a hybrid computational aeroacoustics (CAA) approach based on an incompressible unsteady flow field with an acoustic wave equation. From 2014 to 2016, Blanchet et al. [4, 5] studied the characteristics of pressure fluctuations on the side glass. At first, Corcos model was used to characterize the convective part, and propagating wavefield was used to characterize the acoustic part. Later, the method was further improved, and a complex turbulent cross-correlation function was proposed to characterize the pressure fluctuations.
e function was applied to a SEA side glass and the interior wind noise was obtained. However, up to now, the research work related with side glass mainly focuses on the total interior noise level and its verification with experiment, little work was found to present the constitution of the different parts of the interior noise. is paper focuses solely on the convective pressure fluctuation induced vehicle interior noise and its experimental verification.
Some research work has been done with DrivAer model. In 2012, Heft et al. [6] studied the aerodynamic characteristics of DrivAer model with experimental and numerical methods and focused on the development of this model. In 2017, using 3 different configurations of this model, Soares et al. [7] studied the formation process of wake vortices in the far-field. Up to now, the research of the DrivAer model mostly focuses on the aerodynamics, no study about aeroacoustics of this model was found yet.
In this paper, the constraint boundary condition of the side glass was set equivalent to a series of springs to get an equivalent model. en an optimization platform based on Matlab-Abaqus cosimulation was developed originally and the genetic algorithm was applied to find out the optimized spring stiffness for the equivalent model. Subsequently, with the empirical formula of Corcos model, the approximate Power Spectrum Density (PSD) of the pressure fluctuations as excitation on the side glass was formed, and the vibroacoustic coupling equation was solved with finite element modal superposition method to obtain the aerodynamic noise near the driver's ear position. Finally, the surface vibration velocity distribution of the side glass under wind excitation was measured with Laser Vibrometer. And then with BEM, the radiated interior noise was calculated as well (semisimulation).
rough comparison of the simulation and semisimulation results, the applicability of using constraint boundary equivalent model, Corcos model and modal superposition method to get the radiated noise from the vibrating glass under wind excitation could be verified. And in this way, the approach of calculating sound radiation of a vibrating glass caused by the convective pressure fluctuation could be explored.
Modelling of Constraint Boundary
Condition of the Side Glass e side glass was fixed in the clay model with glue. Since the stiffness of the supporting body frame is not rigid enough and the test model was supported with tires on the ground, the constraints of the side glass can't be considered as completely fixed, but with some degrees of freedom (DOFs). Furthermore, wind excitation could force the clay model to move as rigid body displacement and swaying.
e displacement is small and can be regarded as linear deformation, so the constraints around the side glass can be regarded as linear elastic constraints. Hence, the study of the side glass boundary constraints can be equivalent to the study of the spring stiffness. To find out the equivalent spring stiffness, the deviation of the first three natural frequencies derived from experimental modal analysis and FEM simulation of the side glass was treated as the optimization target. rough the developed Matlab-Abaqus cosimulation platform and genetic algorithm, the fitted spring stiffness could be obtained.
Modal Test Analysis.
To obtain the dynamic characteristics of the test vehicle's front side glass and to provide the optimization target for fitting the spring stiffness of the equivalent model, the side glass under the real boundary constraint was tested with hammer impact method. is test was carried out with multi-point excitation and single point response. 35 excitation points were arranged on the surface of the front side glass averagely. A response point was set at point 29 in the lower right corner of the window. During the test, an accelerometer was pasted at point 29 to collect the acceleration response signal of the side glass under the excitation of an impulse force from a hammer hit. Test equipment and measuring points are shown in Figures 2 and 3 .
Data sampling system from HEAD acoustics GmbH was used to acquire the test data. All the frequency response functions of the side glass collected in the experiment were fitted to obtain the modal parameters of the system. Table 1 shows the first three natural frequencies and damping ratio, and Figure 4 shows the corresponding first three mode shapes.
Establishment of an Equivalent Model.
e width of the seal around the side glass is about 35 mm. When the real constraint was considered to be replaced with series of spring supporting, an equivalent finite element model could be obtained. As shown in Figure 5 , the nodes in red are spring supporting. To simulate the most suitable spring stiffness of side glass constraint, the Matlab-Abaqus cosimulation platform was developed to find out the optimal solution of spring stiffness, based on genetic algorithm.
Control Target.
To simulate the real side window boundary constraint and obtain the optimal spring stiffness, the standard deviation of the natural frequencies is taken as the control target, since natural frequency is the inherent characteristic of a system. e definition is shown in Equation (1). It can be seen from the equation, the closer the standard deviation is to zero, the better are the optimization results.
where S is the standard deviation of the natural frequencies, X i is the simulation value of the ith natural frequency, X i ′ is the test value of the i th natural frequency, and n is the number of samples, here the first 3 nature frequencies are taken into account.
Establishment of Matlab-Abaqus Cosimulation
Platform. Some commercial FEM software such as Abaqus is very powerful, but most of them does not contain optimization function or only with one certain algorithm.
erefore, a Matlab-Abaqus cosimulation platform was explored in this paper. With the help of this platform, some more optimization algorithms could be compiled in Matlab and combined with the finite element model to form a close loop to find out the optimal solution with high efficiency. e main idea of using Matlab-Abaqus cosimulation platform for side glass spring stiffness fitting is using Matlab to modify Abaqus finite element model (INP file) and calling Abaqus/cae for calculation. When Abaqus calculation is finished, the calculation results are returned to Matlab. en genetic algorithm code in Matlab is applied to do iterative calculations. Finally, the best spring stiffness can be fitted. In the fitting process, Matlab cannot extract directly the results from Abaqus for standard deviation calculation because it cannot recognize the result of ODB file generated by Abaqus calculation. However, the ODB file can be read out by the Python language, so the Python script is called by Matlab to read Abaqus calculation results and get the data. e flowchart is shown in Figure 6 .
As original, the spring stiffness ranged from 5000 N/mm to 10000 N/mm by trial and error; then, the best spring stiffness with the value of 8124.82 N/mm was obtained by using above mentioned optimization method.
e fitness result of standard deviation of the natural frequencies is shown in Figure 7 . With the optimized stiffness value, the simulation work could be done.
Results Verification.
To verify the reliability of the equivalent method for the constraint boundary condition of the side glass, the results between experiment and simulation were compared. Table 2 shows the comparison of natural frequencies between test and simulation result. Although only the first three natural frequencies were used as the control target, the first five natural frequencies below 1000 Hz derived from test and simulation are all in good agreement, as Table 2 shows. Figure 8 shows the comparison of the first three mode Shock and Vibration 3 shapes as example. It is obvious that the mode shapes of the same order have good agreement. It can be seen that the first mode shape has a single respiratory cavity, the second mode shape has two respiratory cavities with the opposite phase, and the third mode shape has three respiratory cavities. Normally, Modal Assurance Criterion (MAC) is used to characterize the correlation between tested and simulated mode shapes. e equation is described as follows:
where Φ e is the modal shape vector of experiment, Φ s is the modal shape vector of simulation, and "h" represents the conjugate transpose transform. Usually when MAC value is greater than 0.7, the two shape vectors can be considered linearly correlated. And when MAC value is less than 0.2, vectors can be considered orthogonal. Figure 9 shows the MAC values bar for the tested and simulated modal shapes.
It can be seen from the MAC values of the first and second modal shapes from the tested and simulated results are linearly correlated. However, the linear correlation of the third modal shape is not very good. rough comparison of the third modal shape, it shows that there exists a location deviation in the middle respiratory cavity, and this results in a decrease of the MAC value. However, generally speaking, the equivalent model is basically consistent with the actual boundary conditions and can be used for the later work.
rough above comparison, it was proved that the equivalent spring stiffness fitting method based on the Matlab-Abaqus cosimulation platform and genetic algorithm is reasonable and effective. radiated into vehicle interior. To get the Sound Pressure Level (SPL) near the driver's ear position, PSD of the flow field has been calculated. It was used as an excitation source to the equivalent model, and then the modal superposition FEM was applied for the calculation.
Calculation of PSD of Flow Field with Corcos Model.
e vortices in the turbulent flow near the side glass interact with each other, making the vortices continually generated and shedding. As the vortices shed, large pressure fluctuation can be formed, and the pressure fluctuation in the Turbulent Boundary Layer (TBL) is the main factor that causes the glass vibration and noise radiation. Pressure fluctuation is a stochastic process without deterministic law of change and therefore cannot be described with a definite function. However, it has a certain statistical regularity. Hence, the pressure fluctuation can be characterized with statistical methods with correlation function and PSD. e auto and cross PSD of pressure fluctuation can be calculated with the following equations:
E[p(t)p(t + τ)]e
−iωτ dτ,
where ω is the angular frequency, E is the desirability function, p is the pressure distribution, p 1 is the pressure distribution on point 1, p 2 is the pressure distribution on point2, and ξ 1 , ξ 2 are the distances of two points in x and y direction separately. Surface pressure fluctuation of side glass changes with time and space. us, it is difficult to use the above formulas directly. In 1967, Corcos [8] established firstly a classical PSD model of TBL pressure fluctuation.
e model is a semiempirical formula, with which the PSD of pressure fluctuation can be estimated with several aerodynamic parameters which can be easily measured. In the Corcos model, the main concerned parameters are frequency and auto and cross PSD. To make the model independent from the dimension, the important parameters in the model are dimensionless treated. e reference frequency and reference PSD can be set, respectively, as follows:
where u 0 is the free stream velocity, δ * is the boundary layer thickness, and q � (1/2)ρu 2 0 stands for the flow dynamic pressure.
e dimensionless frequency and autospectrum density can be described as follows:
e dimensionless auto PSD can be obtained by fitting the experimental data [9] : ϕ(ω) � 2.14 × 10 
With the relationship between dimensionless auto PSD and power, the real auto PSD can be estimated. erefore, a semiempirical formula was proposed for calculating the cross PSD [9] : Shock and Vibration
where α, β are exponential coefficients, they can be obtained through experimental fitness. Desirable value for them can be 0.1 and 0.77, respectively [10] . u c represents the local convective velocity.
In conclusion, only free stream velocity u 0 , boundary layer thickness δ * , and local convective velocity u c are needed for Corcos model to approximately calculate the auto and cross PSD.
Solution of Vibroacoustic Coupling with Modal Superposition Method.
To calculate the radiated noise caused by the vibrating side glass to the acoustic cabin, the following assumptions are taken based on the actual situation: the glass is a kind of viscoelastic material, and under wind excitation, only small deformation occurs. e vibrating glass has definite coupling effect with the acoustic cavity of the driver's ear space. Based on the above assumptions, this problem can be regarded as vibroacoustic coupling, so the entire coupling system satisfies the following coupling equation:
where K s , D s , and M s are the stiffness, damping, and mass matrix of the structure respectively; K a , D a , and M a are the stiffness, damping, and mass matrix of the cavity respectively; C is the coupling matrix; f s is the structure load vector; f a is the cavity load vector; u is the structure displacement vector; and p is the cavity pressure vector. ere are two basic FEMs to solve the vibroacoustic coupling problem: modal superposition method and step-bystep integration method [11] . For linear problems, modal superposition is a method with high accuracy and efficiency. e basic idea of modal superposition method is to solve the coupled equations in modal space. For a system in modal space with N DOFs, the equations can be decoupled, and the response in modal coordinate can be obtained. en, through linear inverse transformation, the response in physical coordinate can be obtained further. In practice, only a few of the modes in the system are dominant, so only the effects of these main modes are considered. It is not necessary to solve all the equations. By transforming the physical equations into modal space, the number of equations can be reduced, and hence the complexity of the response problem can decrease greatly under random excitation.
In the case without damping, the structure and acoustic cavity satisfy the following formulas:
where λ s , Ψ s are the eigenvalue and eigenvector of structure, respectively, and λ a , Ψ a are the eigenvalue and eigenvector of acoustic cavity, respectively.
en,
where q s , q a are the displacement and pressure in generalized modal coordinate respectively. erefore, in modal space, the coupling equation is transformed into the following form:
which is,
e underlined quantities represent that they are in modal space, where,
where H(ω) is the transfer function in modal space, f is the input, and q is the output. erefore, the following formula can be obtained in modal space:
where S f , S q are the input and output cross PSD in modal space, respectively, and H * (ω) is the conjugate matrix of H(ω).
e input cross PSD can be calculated by the empirical formula of Corcos model, so the output cross PSD can be calculated through Equation (16), and then the radiated SPL can be calculated.
To calculate the SPL near the driver's ear position with FEM, the walls of the acoustic cavity behind the side glass are considered as rigid without vibration. Figure 10 shows the calculated result.
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Shock and Vibration
It can be seen from Figure 10 that there are definite resonance peaks in the position corresponding to the natural frequencies of the structure, especially at the low frequency range.
e corresponding frequencies at other peaks are close to the natural frequencies of the acoustic cavity.
Verification of Radiated SPL with Experiment
To verify the correctness of the above-mentioned method, the simulated results need to be verified by experiment. e usual approach to collect the data of SPL is to do the test with microphone positioned in the vehicle interior at a full-scale aeroacoustic wind tunnel. However, during the experiment, the exterior convective and acoustic pressure fluctuations are mixed together. Hence, the noise measured with microphone interior was the total noise level contributed from these two parts and could not be used for comparative analysis. erefore, the convective pressure fluctuationinduced vibration test of the side glass was performed. With Laser Vibrometer, the surface vibration velocity distribution of the side glass can be obtained directly. Based on the test data, the radiated sound near the driver's ear position could be calculated with BEM.
Vibration Test of the Side Glass with Laser Vibrometer.
Based on the Doppler effect, Laser Vibrometer was applied in the wind tunnel to collect the data of the vibration velocity distribution on the side glass surface at the wind speed 120 km/h.
Experiment was conducted at the full-scale aeroacoustic wind tunnel of Shanghai Automotive Wind Tunnel Center (SAWTC) with testing equipment produced by Polytec GmbH. Testing equipment ( Figure 11 ) included a laser scanning head model PSV-I-500, data sampling system PSV-F-500, and data analysis software PSV. Close to the laser scanning head model PSV-I-500, there stood another reference laser unit to record the reference phase information, which is necessary for the further calculation of sound radiation with BEM. e testing equipment was set out-offlow of the full-scale aeroacoustic wind tunnel, with about 4-meter distance perpendicular to the tested side window glass. Data sampling frequency was set to 7.8125 kHz. During this test, for every test point (Figure 12 ), data sampling time was 1.28 s with 20 times averaging to get a smooth frequency spectrum. After one test point was finished, the laser scanning head could move to the next point automatically. However, velocity distribution was scanned only in the Z-direction which is almost identical with window's normal vector.
Calculation of the Radiated Noise.
e vibration velocity distribution of the side glass was applied as an input condition to calculate the sound radiation near the driver's ear position. Firstly, the acoustic boundary element grid was established according to the spatial distribution of the test points. en, the vibration velocity spectra of the measured points were imported. Finally, the SPL radiated to the driver's ear position was calculated with BEM. According to the grid size of the boundary element, the analyzing cut-off frequency was about 1000 Hz. Figure 13 shows the semisimulation (based on the experimental data) result of the radiated noise. Figure 14 , the simulation result with Corcos model is compared with the semisimulation result. It can be found that these two results are in good agreement. At the low frequency range below 300 Hz, the whole body has much vibration energy during wind tunnel test, which can cause the side glass to Shock and Vibration 7
Comparison of the Radiated SPL. As shown in
vibrate. However, the simulation with Corcos model does not include this part of vibration, so that the resonance peaks below 300 Hz are some lower in comparison with the semisimulation result. At the high frequency range, as the mode density becomes higher, the corresponding frequency of the resonance peaks based on modal superposition has some slight deviation from the result of semisimulation. However, the overall SPL from 500 Hz to 1000 Hz of simulation result is 57.5 dB and for semisimulation is 56.3 dB. Hence, they are in good agreement. From above comparative analysis, it is proved that it is applicable to calculate flow induced glass vibration and radiated noise of the DrivAer model with Corcos model and modal superposition method.
Conclusions
(1) e fixed constraint boundary condition of the side glass glued on the DrivAer clay model with some elastic DOFs was set equivalent to a series of springs for the modelling with FEM. To find out the optimal equivalent solution, an optimization platform based on Matlab-Abaqus cosimulation was developed originally and the genetic algorithm was applied to find out the best-fitted spring stiffness with natural frequencies as the optimization target. rough comparison of the simulated and tested modal results, it is demonstrated that natural frequencies and mode shapes are in good agreement. Hence, this equivalent method was validated.
(2) Corcos model and finite element modal superposition method were used to calculate flow-induced side glass vibration and radiated interior noise of the DrivAer model. rough comparison of simulation and semisimulation results, it shows good agreement up to 1000 Hz. It demonstrates that the above method is applicable to calculate the sound radiation caused by the side glass's vibration at the low and middle frequency range. erefore, an approach of calculating sound radiation of a vibrating glass caused by the air convective pressure fluctuation was explored.
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